Exposure of mammalian cells to UV irradiation stimulates phosphatidylcholine hydrolysis and activates the transcription factor AP-1. Since phosphocholine (PCho), a phospholipid metabolite, is a potential regulator of mitogenesis and carcinogenesis, we examined the eect of UV exposure on the formation of PCho and the possible mediatory role of PCho in UVB-and UVC-induced activation of AP-1 in mouse JB6 epidermal cells. We found that both UVB and UVC irradiation resulted in increased PCho levels. Hemicholinium-3 (HC-3), an inhibitor of choline kinase, strongly inhibited UV-induced AP-1 activity. By contrast, relatively low levels of PCho (80 mM) or choline (20 mM) nearly doubled UV-induced AP-1 activity, while higher (2 ± 20 mM) concentrations of PCho alone stimulated AP-1 activity 6 ± 8-fold. Importantly, HC-3 inhibited only the stimulatory eect of choline, but not of PCho, on AP-1 activity. Of the mitogen-activated protein (MAP) kinases involved in the regulation of AP-1 activity, UVC stimulated the MAP kinase family ERK-1/ERK-2, JNK as well as p38 kinase activity. These UVC eects were all inhibited by HC-3. With UVB, by contrast, only the activation of ERK-1/ERK-2 was inhibited by HC-3. The data suggest that increased formation of PCho is required for UV-induced activation of AP-1 by an ERK-1/ERK-2-dependent mechanism.
Introduction
Exposure to ultraviolet (UV) irradiation accounts for a high proportion of human skin cancers (IARC, 1992) . Radiation in the UVC (180 ± 290 nm), UVB (290 ± 320 nm) and UVA (320 ± 400 nm) regions induces tumor formation in mouse skin (Staberg et al., 1983; Strickland, 1986; IARC, 1992) . UV irradiation has been shown to act both as a tumor initiator and a tumor promoter (Staberg et al., 1983; Strickland, 1986) . It has been proposed that damage of important regulatory genes, such as p53 or ras, plays a role in UV-induced tumor initiation. UV-induced modulation of signaling molecules may enhance or decrease gene expression leading to increased cell proliferation or apoptosis (Ronai and Weinstein, 1988; Stein et al., 1989; Devary et al., 1991) . Since the expression of these genes is critical in the process of tumor promotion (Alani et al., 1991; Dong et al., 1994 Dong et al., , 1995 Domann et al., 1994) , such epigenetic modi®cations may play an important role in UV-irradiation-mediated tumor promotion (Shea and Parrish, 1991; Radler-Pohl et al., 1993; Angel, 1995; Huang et al., 1996 . The UV enhanced gene expression mediated by transcriptional induction is known as`UV response' (Angel, 1995) .
The two most thoroughly studied transcription factors that have been implicated in mediating this UV response' are AP-1 and NF-kB (Angel, 1995; Huang et al., 1996 . Exposure of cells to UV light rapidly activates an Src-family tyrosine kinase, followed by sequential activation of the Ha-Ras, the cytoplasmic serine-threonine kinase Raf-1, p42/p44 mitogen-activated protein kinases (MAP kinases; also known as extracellular signal-regulated kinases, or ERK-1 and ERK-2, respectively) and AP-1 (Devary et al., 1992; Radler-Pohl et al., 1993) . Since both c-Src and Ha-Ras are involved in the UV-induced signal transduction pathway, the primary signal generated in the plasma membrane by UV must be initiated upstream from Ras/Raf. In this context, it is important to note that UV irradiation has also been shown to enhance phospholipid hydrolysis by both phospholipase C and D (Carsberg et al., 1995) . Based on this, it was suggested that the signaling cascade leading to the activation of AP-1 by UV may be generated at the plasma membrane (Devary et al., 1993; Angel, 1995; Karin and Hunter, 1995; Rosette and Karin, 1996) .
We have recently demonstrated that atypical protein kinase C (aPKC) isoforms are required for UV-induced AP-1 activation by using cells transfected with an antisense sequence of mouse PKCz or by a dominant negative mutant construct of Xenopus PKC l/i and cells in which the conventional (a, bI, bII and g) and novel (d, e, Z and y) PKC isoforms were downregulated by chronic treatment with 12-0-tetradecanoyl phorbol 13-acetate (TPA) (Huang et al., 1996 . Although the upstream eector of aPKC in the UV signal transduction cascade is not clear, some lipids or their metabolites, such as ceramide, phosphatidic acid and phosphatidylinositol-3,4,5-P 3 , are believed to be responsible for the activation of these enzymes (Nakanishi and Exton, 1992; Nakanishi et al., 1993; Dominguez et al., 1993; Berra et al., 1995; MuÈ ller et al., 1995) .
Phosphocholine (PCho), an intermediate and product of phospholipid metabolism, has recently been shown to stimulate DNA synthesis in NIH3T3 ®broblasts (Cuadrado et al., 1993; JimeÂ nez et al., 1995; Tomono et al., 1995; Chung et al., 1997; Kiss and Mukherjee, 1997) . It has also been reported that PCho levels are regulated by growth factors (Warden and Friedkin, 1985) , oncogenes (Macara, 1989; Ratnam and Kent, 1995; Kiss and Crilly, 1995) and chemical carcinogens (Ishidate et al., 1980; Paulson et al., 1989; Kiss and Tomono, 1995) . It has further been demonstrated that most human tumors are characterized by elevated levels of PCho (Navon et al., 1977; Daly et al., 1987; Evans and Kaplan, 1997) and that high expression of choline kinase activity is required for cancer cell growth (HernaÁ ndez-Alcoceba et al., 1997). Taken together this may suggest that PCho is involved in the regulation of cell growth and perhaps in carcinogenesis in vivo. Based on the indicated importance of PCho as a growth regulator in cells, and on the observed eects of UV on phospholipid hydrolysis, we asked the question whether PCho might be a mediator in UV-induced signal transduction leading to the activation of AP-1.
In the present study, we used mouse JB6 epidermal cells to assess the potential role of PCho and choline kinase in UV-induced AP-1 activation. Hemicholinium-3 (HC-3) (Cuadrado et al., 1993) was utilized to inhibit choline kinase activity. Changes in water-soluble phospholipid metabolites were followed by radiolabeling and by phosphorus-31 NMR. Our data strongly suggest that activation of AP-1 by UV requires increased PCho formation.
Results

PCho formation in UV-irradiated JB6 cells
To evaluate the possible contribution of PCho to UVinduced signal transduction, we ®rst compared the relative cellular levels of PCho as well as the amounts of PCho released from the cells into the medium in UV-irradiated and non-irradiated JB6 cells incubated in the presence of [ ]choline levels (data not shown). Since HC-3 is known to inhibit high-anity choline uptake as well as choline kinase (referenced in Cuadrado et al., 1993) , we conclude that at the [ 14 C]choline concentration (25 mM) used, choline entered the cells by a predominantly HC-3-insensitive mechanism.
Due to the inhibitory eect of HC-3 on choline kinase activity, the control cells contained about 2.7-times higher [ 14 C]PCho levels than did cells treated with HC-3 for 30 min prior to brief (45 s) UVC exposure (60 J/m 2 ; UVC treatment was terminated at 0 time; Figure 1 ). In the absence of HC-3, but not in its presence, irradiation with UVC resulted in a rapid increase in the formation of [ ]choline experiments strongly suggested that choline kinase activity was stimulated by UV irradiation, these experiments did not provide unambiguous information on the total PCho content of the irradiated and non-irradiated cells. We therefore used 31 P NMR to directly measure the short-term eects of UVB and UVC on cell PCho levels. A quantitative comparison of the NMR spectral data based on integration of the respective 31 P resonances revealed that UVB and particularly UVC irradiation increased cell PCho levels within 5 min after UV treatment ( Figure 5 ). While UVB irradiation resulted in a more modest increase (13%) in PCho mass, the eect of UVC irradiation on cell PCho levels was quite substantial (27% increase after 5 min; Figure 5 ).
HC-3 treatment inhibits UV-induced AP-1 activity
While UV treatment notably enhanced overall cell PCho levels, even more signi®cant increases may occur within speci®c cellular pools that may aect cell growth. Moreover, UV irradiation clearly stimulated PtdCho synthesis which in turn may also contribute to the observed cellular UV eects. We therefore further examined the possible role of choline metabolites in mediating the UV eects on AP-1 activation. We used the choline kinase inhibitor HC-3, which we had shown to strongly inhibit UV-induced formation of both PCho and PtdCho. We found that HC-3 caused a dosedependent inhibition of AP-1 activity induced by either UVB ( Figure 6A ) or UVC ( Figure 6B ). At the concentrations tested, HC-3 had no eect on cell proliferation. On the other hand, TPA-induced AP-1 activity was not inhibited by HC-3 ( Figure 6C ). Similarly, epidermal growth factor-induced AP-1 activity remained unchanged at the HC-3 concentrations tested (data not shown). The results indicated that the inhibitory eect of HC-3 on UV-induced AP-1 activity was not due to a nonspeci®c inhibition of AP-1.
Choline and PCho also can stimulate AP-1 activity
If PCho or PtdCho, or both, are required for UV induction of AP-1 activity, then supplementation with choline, the precursor of PCho and PtdCho, should result in increased AP-1 activity. Moreover, direct treatment of the cells with PCho also should increase AP-1 activity, assuming the cells can incorporate PCho as was reported (Cuadrado et al., 1993; . To further examine these possibilities, we ®rst demonstrated in separate experiments that PCho can, indeed, enter the JB6 cells. For this purpose, starved JB6 cells were incubated for 16 h in fresh serum-free medium in the absence or presence of 2 mM PCho, and the levels of water-soluble phosphometabolites in the cells were (Figure 7) . A comparison of the spectra does show that the PCho levels of cells grown in PCho supplemented medium were about 1.6-fold higher (Figure 7b ) than those in controls ( Figure  7a ), while the levels of other water-soluble phosphates, such as glycerophosphocholine, glycerophosphoethanolamine or P i , were practically not aected.
To further characterize the incorporation of PCho into JB6 cells, we incubated the cells with 2 mM [ 14 C]PCho (450 000 d.p.m./well) for 12 h and found that about 3% and 2% of the total radiolabel was associated with the cellular PCho and PtdCho pools, respectively. In a similar experiment with 2 mM [ 14 C]choline as precursor, 22%, 16% and 2% of the total radiolabel was associated with cell PtdCho, PCho and choline, respectively (data not shown). These data suggest that JB6 cells can incorporate signi®cant amounts of PCho, despite the presence of the phosphate group in the molecule. However, incorporation of PCho into JB6 cells is clearly much less ecient than is incorporation of choline.
We then compared the eects of choline and PCho at dierent concentrations on AP-1 activity. For this purpose, JB6 cells were cultured for 24 h in 0.1% serum MEM which contains 7 mM choline. As shown in Figure 8 , addition of 20mM choline to the medium indeed stimulated AP-1 activity about twofold, while a further increase in choline concentration up to 20 mM was not accompanied by a further increase in AP-1 activity. By comparison, low concentrations of PCho (up to 200 mM) enhanced AP-1 activity also about twofold. However, PCho at 2 and 20 mM concentrations stimulated AP-1 activity six-and eightfold, respectively (Figure 8 ). In UVB-irradiated cell cultures, extracellular PCho (80 mM) was able to nearly double the stimulatory eect of UV on AP-1 activity (Figure 9 ). The potentiating eect of PCho was not increased at higher concentrations (data not shown). Interestingly, a similar potentiation of the UVB eect by choline required only 20 mM choline ( Figure 9) ; this is not signi®cantly dierent from the choline concentration which induced AP-1 activity without UV irradiation.
Because much lower PCho concentrations were required to potentiate the eect of UV than to stimulate AP-1 activity without UV, we next examined the possibility that UV light may stimulate cellular PCho uptake. However, we found that UV irradiation had no eect on the uptake of [ The observation that, in the micromolar range, choline was more eective in stimulating AP-1 activity than was PCho suggested that either the choline mode of action did not require the conversion of choline to PCho, or that PCho was less eective because of its restricted transport across the plasma membrane. To examine the ®rst possibility, we followed the eects of choline and PCho on AP-1 activity in cells that had been pretreated with HC-3 for 30 min. The data presented in Figure 1 illustrate that pretreatment of the cells with HC-3 for 30 min was sucient to strongly inhibit choline kinase activity. Hence, possible inhibition of HC-3 uptake in the presence of choline or PCho should not aect choline kinase inhibition. As is shown in Figure 10 , HC-3 at 200 ± 800 mM concentrations inhibited the approximately twofold stimulatory eect of 20 mM choline on AP-1 Figure 7 Incorporation of PCho into JB6 cells as monitored by phosphorus-31 NMR. Starved JB6 cells were incubated for 16 h in fresh serum-free medium in the absence (A) or presence (B) of 2 mM PCho. The water-soluble cell metabolites were extracted and 31 P spectra were acquired as described in Materials and methods Figure 8 Induction of AP-1 activity in JB6 cells by choline and PCho. 8610 3 JB6 AP-1-luciferase stably transfected P + 1-1 cells suspended in 5% FBS/MEM medium were seeded per well using 96-well plates. After incubation at 378C overnight, the cells were starved by replacing the medium with 0.1% FBS/MEM for 24 h. Then the cells were or were not exposed to choline or PCho. After incubation for 24 h, AP-1 activity was measured using the luciferase assay. Each point represents the mean+s.d. of three incubations in a single experiment representative of three Figure 9 Synergistic eects of choline and PCho with UVB irradiation on the induction of AP-1 activity. 8610 3 JB6 P + 1-1 cells were seeded per well using 96-well plates. After culturing overnight at 378C, the cells were starved for 24 h by incubating them in 0.1% FBS/MEM. Untreated and UVB (3 KJ/m 2 )-irradiated cells were then further incubated in medium with no other addition (control), or in medium supplemented with 20 mM choline or 80 mM PCho as indicated. The data are the means+s.d. of three incubations in a single experiment representative of two activity by about 50 ± 80%. By contrast, HC-3 even at the highest concentration used inhibited the eect of 20 mM PCho (about an eightfold increase) only by about 12%.
Modulation by HC-3 of UV induced activation of ERKs, Jun N-terminal kinases (JNKs) and P38 kinase ERK-1/ERK-2, JNKs and P38 kinase are members of the MAP kinase family and are thought to serve as upstream kinases responsible for AP-1 activation and phosphorylation of c-Jun protein. We have recently also found that, like JNKs, ERK-1/ERK-2 are important mediators of UV-induced AP-1 activation. To examine which of these enzymes may be involved in UV-induced AP-1 activation mediated by PCho, we studied the eects of HC-3 on UV-induced phosphorylation of ERK-1/ERK-2. As is shown in Figure 11A , both UVB and particularly UVC irradiation greatly enhanced phosphorylation (activation) of ERK-1/ERK-2. In both cases HC-3, particularly at the highest concentration used (200 mM), signi®cantly inhibited the eects of UVB and UVC on ERK-1/ERK-2 activation (P50.01, n=3). Interestingly, while both UVB and UVC enhanced the activities of JNKs ( Figure 11B ) and p38 kinase ( Figure 11C ), 200 mM HC-3 inhibited only the eects of UVC on both enzyme activities.
Discussion
Although UV-induced modulation of signal transduction clearly plays an important role in UV-induced tumor promotion (Shea and Parrish, 1991; Radler-Pohl et al., 1993; Angel, 1995; Huang et al., 1996 , the prevalent mechanisms are presently not well understood (IARC, 1992) . UV-induced signal transduction is believed to originate at the cell membrane, perhaps involving increased phospholipid hydrolysis (Carsberg et al., 1995) and is thought to be linked to the nucleus via a signaling cascade involving Src-like tyrosine kinase, Ras, Raf kinase and MAP kinases resulting in the activation of transcription factors such as AP-1, NF-kB, TCF/ELK, and ATF 2 (Devary et al. 1992; Radler-Pohl et al., 1993; Angel, 1995; Karin and Hunter, 1995; Huang et al., 1996 . Evidence in support of this model has mainly been derived from use of pharmacological inhibitors and of dominant negative mutants of Src, Ras and Raf (Devary et al., 1992; Radler-Pohl et al., 1993; Angel, 1995) . We recently demonstrated using a mouse PKCx antisense and a dominant negative mutant construct of PKCl/i that atypical PKC (aPKC) is required for UV-induced AP-1 activation (Huang et al., 1996 .
In the present study, we provide the ®rst experimental evidence that the pathway by which UV activates AP-1, which is a prerequisite for tumor promotion, requires the generation of PCho. Findings in support of this mechanism are: (i) HC-3, an inhibitor of choline kinase, inhibited UV-induced AP-1 activation; (ii) PCho and particularly choline, both stimulated AP-1 activity and enhanced the eects of UV; (iii) HC-3 inhibited only the eect of choline, but not of PCho, on AP-1 activation; and (iv) UV irradiation stimulated choline kinase activity which Figure 10 Eects of HC-3 on choline-and PCho-induced AP-1 activity. 8610 3 JB P + 1-1 cells were seeded per well using 96-well plates. After culturing at 378C overnight, the cells were starved for 24 h by replacing the medium with 0.1% FBS/MEM. Starved cells were treated with HC-3 for 30 min and then with choline (20 mM) or PCho (20 mM), as indicated, for 24 h and luciferase activity was measured. The data are the means+s.d. of three Figure 11 Eects of HC-3 on UV-induced ERK-1/ERK-2, JNK and p38 kinase activities. JB6 P + 1-1 cells were grown in 6-well plates at 378C for 24 h and the near-con¯uent cells were starved for 48 h by replacing the medium with 0.1% FBS/MEM. Four hours prior to UV exposure, the medium was replaced with serum-free MEM. Then, the cells either treated or not treated with 25 ± 200 mM HC-3 for 30 min, as indicated, were irradiated with UVB (4 KJ/m 2 ) or UVC (60 J/m 2 ). The cells were extracted and phosphorylated ERK-1/ERK-2 (A) JNK (B) and p38 (C) proteins were determined as described in Materials and methods. Protein kinase C-a (PKCa) (D) was included as an internal control for protein loading Phosphocholine in UV-induced signal transduction Z Dong et al was associated with higher cellular levels of PCho and increased utilization of PCho for PtdCho synthesis. We had previously shown that normal NIH3T3 ®broblasts did not incorporate signi®cant amounts of radiolabeled PCho (Chung et al., 1997) .By contrast, Ha-Ras-transformed NIH3T3 cells and MCF-7 breast carcinoma cells were shown to take up PCho from the incubation medium . Clearly, JB6 cells, which are initiated cells, resemble transformed cells in that they take up limited amounts of PCho from the extracellular space. Yet, the uptake of PCho by JB6 cells is clearly less ecient than is the uptake of choline. This may explain why much higher concentrations of PCho than choline were required to induce AP-1 activity. On the other hand, both the choline uptake mechanism and the choline kinase system to produce PCho have limited capacity. This may explain why, in the absence of UV irradiation, AP-1 was activated to a greater extent by PCho than by choline at millimolar concentrations. Further evidence in support of a mechanism involving choline kinase in UV activation was the observation that much lower concentrations of PCho were required to enhance AP-1 activity with than without UV irradiation. This suggests that the amounts of PCho produced by UV irradiation were not high enough to elicit full AP-1 activation.
It was reported many years ago that growth factors are capable of stimulating the production of PCho (Warden and Friedkin, 1985) , suggesting that PCho may play some role in growth regulation. Indeed, previous studies from our Kiss and Chung, 1996; Chung et al., 1997; Kiss and Mukherjee, 1997) and from other laboratories (Cuadrado et al., 1993; Jimenez et al., 1995) have shown that PCho has mitogenic activity. Thus, by using various approaches including microinjection of PCho into cells, it was possible to demonstrate that in NIH3T3 ®broblasts PCho is required for the mitogenic activity of platelet-derived growth factor and ®broblast growth factor (Cuadrado et al., 1993; Jimenez et al., 1995) . We also have shown that in NIH3T3 cells and in several other cell lines PCho can greatly potentiate the eects of insulin and ATP Kiss and Chung, 1996; Chung et al., 1997) and of sphingosine-1-phosphate (Chung et al., 1997; Kiss and Mukherjee, 1997) on mitogenesis by both ERK-1/ERK-2-dependent and -independent mechanisms. In this context, it comes as no surprise that the primary signal transduction pathway mediating the eects of UV and PCho on AP-1 activation would involve ERK-1/ERK-2.
In NIH3T3 ®broblasts, PCho aects mitogenesis via an extracellular target (Chung et al., 1997) , although in special situations intracellular PCho may also be involved in growth regulation (Cuadrado et al., 1993) . In our present system, PCho is likely to act within the UV-induced cascade via an intracellular target, because the release of PCho from the cells into the extracellular space, both with or without UV, was minimal. On the other hand, JB6 cells incorporated some PCho from the medium, which may explain why higher concentrations of added PCho were able to stimulate AP-1 activity. It is important to emphasize that while rapid stimulation of choline kinase by UVB and UVC led to only small increases in total cellular PCho content, UV induced a relatively greater increase in PtdCho synthesis. Thus, it appears that most of the PCho formed by UV-stimulated choline kinase was actually utilized for PtdCho synthesis. Hence, increased PtdCho synthesis may well play a role in mediating the UV eects. Alternatively, a relatively large increase in a hypothetical small cellular`signal transduction' PCho pool may contribute to the eects of UV. Clearly, further experiments are needed to determine whether activation of choline kinase or increased PtdCho synthesis is the most important event in facilitating an optimal UV response.
It should also be emphasized here that, in addition to mitogenesis, PCho may also be involved in the regulation of carcinogenesis. This possibility is strongly supported by observations that the PCho level in human cancers is generally high (Evans and Kaplan, 1977; Daly et al., 1987; Navon et al., 1997) and that choline kinase is activated by oncogenes (Macara, 1989; Ratnam and Kent, 1995; Kiss and Crilly, 1995) as well as by chemical carcinogens (Ishidate et al., 1980; Paulson, 1989; Kiss and Tomono, 1995) . These ®ndings, combined with the observation that AP-1 activation is an integral part of UV-induced tumor promotion (Devary et al., 1992; Radler-Pohl et al., 1993) and that AP-1 activation by UV involves increased PCho formation strongly suggest that PCho and/or PtdCho indeed play a key role in UV-induced carcinogenesis.
In summary, we have found that in JB6 cells UV irradiation, choline, and PCho, each alone or in synergy, can induce the transactivation of AP-1. UVinduced AP-1 activity was correlated with increased PCho and PtdCho synthesis. Consistent with a role of choline metabolites in mediating the UV eects, the choline kinase inhibitor HC-3 strongly inhibited UV induction of AP-1 activity. Further studies on the precise mechanism by which PCho contributes to UVinduced signal transduction should lead to a better understanding of UV-induced skin degeneration associated with aging and cancer.
Materials and methods
Materials
Eagle's minimal essential medium (MEM) and fetal bovine serum (FBS) were purchased from Bio Whittaker Biosciences: L-glutamine was from Gibco; gentamicin was bought from Quality Biologicals, Inc.; formamide was from Fluka; the luciferase assay substrate was purchased from Promega; TPA, PCho and choline were bought from Sigma Co.; and the SAPK/JNK, ERK-1/ERK-2 and p38 kinase assay kits were from New England Biolabs; HC-3 was from Calbiochem; and [methyl-
14 C]choline chloride (55 mCi/mmol) was bought from Amersham .
Cell culture
The tumor promotion-sensitive mouse JB6 P + epidermal cell line, C1 41, and its AP-1 luciferase reporter transfectant, P + 1-1, were cultured in an incubator at 378C (5% CO 2 ) using MEM supplemented with 5% fetal bovine serum (FBS), 2 mM L-glutamine and gentamicin (25 mg/ml) (Dong et al., 1994 (Dong et al., , 1995 Huang et al., 1996 .
Phosphocholine in UV-induced signal transduction Z Dong et al AP-1 activity assay Con¯uent monolayers of JB6 P + 1-1 cells were trypsinized, and 8610 3 viable cells suspended in 100 ml of 5% FBS/ MEM were added into each well of 96-well microplates. The plates were incubated at 378C in a humidi®ed atmosphere of 5% CO 2 . Twelve to 24 h later, the cells were starved by culturing in 0.1% FBS/MEM for 12 h, and then exposed to either UVB (3 KJ/m 2 ; 15 min) or UVC (60 J/m 2 ; 45 s) irradiation. When appropriate, HC-3 was added to the cells prior to UV irradiation. The cells were then incubated for 24 h to induce AP-1 activity. The cells were extracted with lysis buer, and luciferase activity was measured using a luminometer (monolight 2010). The results are expressed as relative AP-1 activity (Huang et al., 1996 .
Phosphorylation of JNK, P38 kinase, ERK-1 and ERK-2
Western immunoblot analyses of the phosphorylated forms of ERK-1/ERK-2, JNK and P38 kinases were done as described (Evans and Kaplan, 1977) . Brie¯y, JB6 Cl 41 cells were cultured in monolayers in six-well plates. The cells were starved in 0.1% FBS/MEM for 48 h at 378C and then incubated in fresh 0.1% FBS/MEM for another 3 ± 4 h at 378C. Before the cells were exposed to UV, they were incubated with or without HC-3 for 30 min. The cells were then lysed and immunoblot analysis were done by using phospho-speci®c antibodies against the phosphorylated tyrosine 204 of ERK-1 and ERK-2, the threonine 183/ tyrosine 185 of JNK and the threonine 180/tyrosine 182 of P38 kinases.
DNA synthesis assay
The rate of DNA synthesis was determined using the [ 3 H]thymidine incorporation assay as described (Huang et al., 1996; Dong et al., 1997) . 14 C]choline (1 mCi/ml) with 0.4 mM HC-3 being added for the last 30 min of the labeling period as speci®ed. Cells were then irradiated with UVC (60 J/m 2 ) or UVB (3 KJ/m 2 ). At the time points indicated, the incubation medium (0.5 ml) was transferred into a tube containing 4.5 ml of chloroform/methanol (1 : 1, v/v) and then 2 ml of ice-cold methanol was added into each well. The cells were scraped into methanol, and the methanol extract was transferred into 2 ml of chloroform. After phase separation [ 14 C]choline and its metabolites were separated on Dowex 50W-packed columns (BioRad Econo-columns; 1 ml bed volume) as described previously (Kiss and Anderson, 1994) . Brie¯y, the initial ow-through (4.5 ml) together with the following 5 ml water wash contained glycerophosphocholine. PCho and choline were eluted with 18 ml of water and 12.5 ml of 1 M HCl, respectively. Finally, PtdCho was separated from other phospholipids by one-directional thin-layer chromatography on silica gel H plates using chloroform/methanol/ 28% ammonia (65 : 25 : 5, by vol) as developing solvent.
Phosphorylation of choline as measured by phosphorus-31 NMR JB6 cells, grown to near con¯uency in 150 cm 2 dishes in 5% FBS/MEM, were starved in 0.1% FBS/MEM for 12 h, then incubated in fresh serum-free medium for 4 h, which was followed by exposure to either UVB (3 KJ/m 2 ) or UVC (60 J/m 2 ). After 5 min of incubation at 378C post irradiation, the cells were quickly washed with 265 ml of chilled 20 mM Tris buered saline (pH 7.3), scraped and then transferred into tubes using a total of 5.5 ml of methanol/chloroform/water (4 : 1 : 0.5, by vol). The extract was adjusted by adding 7 ml of chloroform and 2 ml of water to arrive at a Folch mixture. After phase separation, the aqueous upper phase was evaporated under a stream of N 2 and redissolved in 0.7 ml of D 2 O and the pH was adjusted to 1.9 by adding 1 M aqueous HCl prior to 31 P NMR analysis.
Phosphorus-31 NMR spectra were recorded at 121.42 MHz on a Varian Unity-300 instrument (Varian Associates, Palo Alto, CA) using a 5 mm variable temperature probe (25.0+0.18C). Standard single-pulse experiments entailed an 808 pulse of 8 ms, an acquisition time of 3 s and a pulse delay of 8 s with the decoupler gated on during the acquisition only. At a spectral width of 4300 Hz, typically 6400 transients were collected. The data were then zero-®lled and Fourier transformed after applying 0.2 Hz exponential linebroadening. The spectra were referenced relative to 85% H 3 PO 4 serving as external standard (0.00 p.p.m.). Peak assignments were veri®ed by comparison with authentic standards. Spectral data for quantitative analyses were acquired in the absolute mode and quantitations were made by digital integration of peak areas relative to external quantitative standards. At the 100 nmol level, the accuracy was better than 99%.
Abbreviations UV, ultraviolet irradiation; AP-1, activator protein; PKC, protein kinase C; TPA, 12-O-tetradecanoyl phorbol 13-acetate; PCho, phosphocholine; ERK, extracellular signalregulated kinase; JNK, c-jun N-terminal kinase; MAP, mitogen activated protein; HC-3, hemicholinium-3; MEM, Eagle's minimal essential medium; FBS, fetal bovine serum; PtdCho, phosphatidylcholine; NMR, nuclear magnetic resonance.
